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Abstract  —  Na post-deposition treatments are commonly used 
to tackle the fine grained layers that are prevalent in solution-
grown CIGS absorber layers. This work studies the effect of an 
evaporated NaCl layer on the electrical and morphological 
properties of amine-thiol solution-processed CIGS solar cells. 
Here, the NaCl layer acts as a post-deposition Na source and its 
application resulted in a CIGS device with superior JV 
characteristics, including a power conversion efficiency increase 
from 1.3% for a Na free glass substrate to 8.4 % with NaCl post 
deposition treatment. 
Index Terms — CIGS, thermal evaporation of NaCl, sodium 
doping, solution processing. 
I. INTRODUCTION 
Cu(In,Ga)(S,Se)2 (CIGS) is a well-established and 
commercially deployed thin-film photovoltaic technology 
reaching high laboratory efficiencies (23.35%) [1] while 
having the potential to further reduce module production costs 
using vacuum-free fabrication processes. Typically, CIGS 
solar cells are fabricated using vacuum processes which can be 
slow and require high capital investment. Solution-based 
approaches could decrease production times and increase 
material utilisation, without costly vacuum equipment. 
Solution-based processes such as inkjet printing and spray 
deposition are easily scalable, high throughput techniques. 
The best solution-based CIGS solar cells have been made 
using the toxic and explosive solvent hydrazine, with obvious 
implications for large scale implementation [2]. A hydrazine- 
free binary solvent system containing 1,2-ethaneditiol (EDT) 
and 1,2-ethylenediamine (EDA) first proposed by Webber & 
Brutchey [3] has been used by our group to dissolve metal 
chalcogenide precursors leading to device efficiencies of 12 % 
[4].  
In this approach, the precursor ink is spray-deposited in air 
onto molybdenum-coated glass substrates. Spraying under 
atmospheric conditions can reduce the cost and complexity of 
the process. In contrast to the more common spin-coating 
technique, spray deposition has no maximum substrate size, 
and is compatible with roll-to-roll manufacturing. This makes 
spray deposition an ideal candidate for up scaling thin film 
solar panels. 
Typically, CIGS solar cells are made on soda-lime glass 
(SLG) which is a convenient source of Na, although its supply 
is not very controllable [5]. However, when using low-Na 
glasses and flexible substrates like polyimide film & stainless 
steel, it must be added in a pre or post-deposition treatment [5, 
6]. Additionally, this allows the amount of Na to be more 
easily controlled to give the best performance. As little as 0.1 
at% is generally accepted to be the optimum amount of Na to 
improve the performance of a CIGS device [8]. While the 
exact mechanism of how Na affects the CIGS absorber 
properties is still a subject of discussion with no clear 
consensus, the beneficial effects of Na have been identified 
and widely accepted. These include increased VOC and FF, 
increased free carrier concentration and p-type conductivity, 
hindering  of In/Ga intermixing, strong dominant (112) CIGS 
crystal orientation and enlargement of grain sizes [9]. This is 
particularly important for solution processed CIGS, which 
without Na can suffer from poor crystalline absorber 
morphologies [10].  
The purpose of this work is to investigate the effect of 
intentional Na doping as a method of improving the film 
morphology and electronic properties of solution processed 
CIGS solar cells. In this work Na was supplied by thermal 
evaporation of a thin layer of NaCl onto the CIGS absorber 
directly prior to selenisation. NaCl as a Na precursor was 
selected due to its low toxicity, ease of evaporation and ready 
availability. 
II. EXPERIMENTAL 
A. CIGS Solar Cell Fabrication 
Thin film molybdenum back contacts were deposited by DC 
magnetron sputtering onto Na-free EAGLE XG (Corning) 
glass substrates. The molybdenum back contact stack is 
composed of an initial higher pressure Mo layer designed to 
create a strong adhesion to the glass (3.5 mTorr Ar working 
pressure, 4 W/cm2, 5 min deposition), a bulk Mo layer for a 
low resistance (0.5 mTorr working pressure, 6 W/cm2, 35 min 
deposition), a MoNx barrier layer to prevent excessive ingress 
of Se into the contact (2/8 sccm Ar/N2 flow rate, 0.8 mTorr 
working pressure, 6 W/cm2, 8 min deposition) and a final 
sacrificial Mo layer designed to form a thin MoSe2 layer 
allowing an ohmic contact to CIGS (0.4 mTorr Ar working 
pressure, 6 W/cm2, 2 min deposition) [11].  
 CIGS precursor solution was made by dissolving copper 
sulfide (Cu2S), indium sulfide (In2S3), gallium metal and 
selenium powder with a 1:10 (v/v) of EDT:EDA. Once fully 
dissolved, the precursor ink was diluted with a 50% volumetric 
dilution of ethyl acetate and left to mix for 30 minutes. 
The ink was then sprayed using an ultrasonic nozzle (Sono-
Tek Corporation, USA) attached to a broadband generator 
onto the Mo/MoNx/Mo-coated glass substrate on a hotplate set 
to 310 °C. A computer controlled X-Y stage was used to 
ensure an even coverage of the CIGS precursor film on the 
substrate. The deposition process was started while the 
hotplate was still at 110 °C, to prevent excessive molybdenum 
oxidation. The absorber was sprayed in 5 layers, with a 30 
second dwell period between layers and a 180 second anneal 
after the last layer.  
NaCl was then deposited using a home-made thermal 
evaporation system, with a base pressure of 10-6 Torr. The 
NaCl layer thickness and deposition rate was measured using a 
quartz crystal microbalance. 20 nm of NaCl was evaporated 
onto a device, alongside a control device which had no 
intentional NaCl added to the absorber.  
The substrate was then placed in a semi-open graphite box 
with ~600 mg of Se and selenised in a quartz tube furnace at 
540 °C for 90 minutes under a nitrogen atmosphere with a 
starting pressure of 420 Torr. To avoid any unwanted 
cumulative Na doping, the box was cleaned before each 
selenisation run with a high temperature, low pressure anneal 
to evaporate any residual NaCl that could have intercalated 
into the graphite box during the previous selenisation run. 
After allowing the substrate to cool below 100 °C, the 
substrate was removed and placed into a chemical bath 
containing ammonium hydroxide and cadmium sulfate. 
Thiourea was added after 5 minutes and CdS deposited onto 
the substrate for a further 10 minutes at 70 °C.  
The devices were completed with RF sputtering of an 80 nm 
i-ZnO buffer layer, and a 500nm AZO top contact, followed 
by deposition of silver top contact grids (~500 nm) by thermal 
evaporation. Individual cells were delimited to an area of 0.25 
cm2 by mechanical scribing.  
 
B. Characterisation 
 Light and dark current density – voltage (JV) measurements 
were carried out using an ABET solar simulator under 1000 
Wm-2 illumination and calibrated using a Si reference 
photodiode. Temperature dependent electrical measurements 
such as admittance spectroscopy and current density - voltage 
measurements were taken using an evacuated Janis closed-
cycle helium cryostat. Prior to cooling, samples were kept in 
the dark for 1 hour to ensure a relaxed state. Capacitance 
spectroscopy was performed with a Keysight E4990 
impedance analyser at 100 kHz, with a bias sweep from -1 V 
to 1 V.  JV and admittance spectroscopy were performed every 
10 K between 315 K and 105 K, with the cell held at each 
temperature for 10 minutes to equilibrate. The temperature 
dependent J-V curves were measured under 500 W/m2 
illumination, using a halogen light source. External quantum 
efficiency (EQE) data was obtained using a Bentham PVE300 
system at 0 V bias and a spectral resolution of 5 nm, with a 
halogen light bias of ~0.5 sun. The system was calibrated 
using Si and Ge photodiodes.  Surface and cross-sectional 
scanning electron microscopy (SEM) was performed using a 
Jeol 7800F FEGSEM with an accelerating voltage of 5 kV. 
Photoluminescence (PL) and time-resolved photoluminescence 
(TRPL) was carried out using a homemade measurement 
system equipped with a single excitation laser source. The 640 
nm laser excitation was pulsed at 40 MHz to measure a 
detectable PL spectrum from 900 to 1200 nm with 1 nm step 
size. TRPL was conducted on the same spot with the 
wavelength selected based on material bandgap (~1070 nm) 
with a laser pulse frequency of 20 MHz.  
III. RESULTS 
A. JV & EQE 
The CIGS devices were first characterised using JV 
measurements - light and dark JV curves of the best 
performing cells of each device are displayed in Fig. 1. The 
corresponding PV parameters obtained from these 
measurements are displayed in Table I. The efficiency 
dramatically increased with the evaporation of 20 nm of NaCl, 
producing the champion cell. The open circuit voltage (VOC), 
short circuit current density (JSC) and fill factor (FF) all 
increase significantly with the addition of NaCl.  
Fig. 1. Light and dark JV curves for the best performing cell of 
both devices.  
 
 
 
 
 
 
 TABLE I 
JV PARAMETERS OF CHAMPION CELLS 
  
EQE measurements were carried out on the best cells of 
each device and are displayed in Fig. 2. Bandgaps were 
extracted by plotting a Tauc plot [12] and are displayed in 
Table II. The EQE for the cell without any NaCl is very low 
across the whole spectrum. This is an expected result as the 
cell has very low current density (10.2 mA/cm2) compared to 
the cell with 20 nm of NaCl. In the 20 nm NaCl device, 
absorption is high at 550 nm, corresponding to the front 
surface of the absorber, which suggests larger surface grains 
and poorer absorber morphology near the back, typically seen 
in solution-processed CIGS absorbers [10]. Past 600 nm there 
is a gradual yet significant drop-off in EQE, signaling a 
reduction in the grain size and diffusion length. At long 
wavelengths (1000 nm) the EQE is poor, indicating that there 
may be significant recombination occurring towards the back 
of the device. Rear surface passivation layers such as Al2O3 or 
Ga grading are typically used to reduce rear surface 
passivation [13]. 
The addition of Na can assist in the formation of gallium 
oxides, due to the strong affinity of Na & O [14]. The addition 
of chloride ions can result in the formation of gallium (III) 
chloride, which has a boiling point of only 200 °C at 1 
atmosphere. These processes would reduce the Ga/(Ga+In) 
ratio, resulting in a lower bandgap. However the bandgaps 
appear to be quite similar, and therefore it appears that these 
processes have not occurred and that the Ga composition is 
largely unchanged.  
 
Fig. 2. EQE spectra of the best performing cells of each device.  
 
The temperature dependent JV curves were measured for the 
20 nm NaCl device between 315 K and 105 K. The linear 
extrapolation of T = 0 K in the VOC versus temperature plot 
gives the activation energy (Ea) for the dominant 
recombination mechanism in the cell. Ea from VOC vs. T plot 
yields 1.03 eV (Fig. 3) which is lower than the bandgap (Eg = 
1.16 eV) value determined from EQE plot (Fig. 2). If the Ea is 
equal or close to the material bandgap, the dominant 
recombination mechanism is the Shockley-Read-Hall (SRH) 
recombination in the bulk. However, the lower Ea relative to 
the bandgap indicates that the cell is dominated by interface 
recombination. Therefore, an interface passivation treatment 
such as air-annealing could be performed to reduce 
recombination at the CIGS/CdS interface [15]. 
Fig. 3. A plot of VOC vs. T of the 20 nm NaCl device with an 
extrapolation to 0 K for the calculation of Ea. 
 
TABLE II 
PARAMETERS OF DEVICES OBTAINED FROM EQE & PL 
 
 B. Capacitance Spectroscopy 
The doping profile of the best performing cells for each 
device were extracted from a capacitance-voltage (C-V) 
measurement at room temperature (Fig. 4). The apparent 
doping density was estimated from the minima of the curve 
and displayed in Table II. As expected, the apparent doping 
increases significantly with addition of NaCl, since Na is 
known to increase p-type doping in CIGS, by preventing the 
formation of compensating antisite defects such as InCu [16]. 
NaCl 
 
VOC 
(mV) 
JSC 
(mA/cm2) 
FF 
(%) 
PCE 
(%) 
0 nm 392 10.2 32 1.27 
20 nm 518 27.5 59 8.43 
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Eg (EQE) 
(eV) 
Eg (PL) 
(eV) 
Lifetime 
(ns) 
NCV 
(cm-3) 
0 nm 1.15 1.15 2.7 7.84x1014 
20 nm 1.16 1.15 2.9 1.1x1016 
  
Fig. 4. Net doping density vs. depth for both devices. 
 
C. Photoluminescence 
Fig. 5. Photo luminescence data. a) PL plot used to estimate 
bandgaps. b) TRPL used to calculate minority carrier lifetime.  
 Photoluminescence and time resolved photoluminescence 
was carried out on the finished devices. In each case, the PL 
spectra (Fig. 5a) have one broad emission peak corresponding 
to the material bandgap. The Eg values extracted from this 
measurement are summarised and compared to the Eg 
estimated from EQE in Table II. Both cells were between 
1.15-1.16 eV for both measurement types, indicating that the 
Ga composition was unaffected by the addition of NaCl. 
TRPL (Fig. 5b) was used to calculate the minority carrier 
lifetime, also presented in Table II. Carrier lifetime remains 
similar with the addition of NaCl, increasing by only 0.2 ns. 
This result is unsurprising, since cross sectional SEM shows 
that the morphology remained relatively unchanged (Fig. 6).  
 
D. Scanning Electron Microscopy 
Fig. 6. Profile scanning electron micrographs taken of the best 
performing cells of each device.  
 
Cross section SEM images were taken from the best 
performing cells for each device and displayed in Fig. 6. The 
CIGS absorber layer is approximately 1 µm thick. The CIGS 
is only crystallised on the top surface, which is a typical 
morphology in solution processed absorbers. There is no 
visible change in absorber morphology between the device 
with 20 nm of NaCl and the device with none. This is 
unexpected since in literature, enlargement of absorber grain 
sizes was typically observed when Na was added prior to the 
selenisation due to more reactive Na-Se fluxes assisting the 
 grain growth. However, the optimum device electronic 
properties were not always associated with best absorber 
morphologies [17]. It is possible that little Na-Se was 
produced, due to the Se escaping through the semi-open 
graphite box before sodium selenide was able to be formed. 
Regardless, the stark improvement seen in the 20 nm NaCl 
device may have come from the electrical effects of Na on 
CIGS, such as increasing the absorber p-type doping and 
passivation of grain boundary defects.  
IV. CONCLUSIONS 
The effects of evaporated NaCl on spray pyrolysed CIGS 
was investigated. NaCl was evaporated onto a CIGS absorber 
layer and compared with a CIGS absorber which had no NaCl 
treatment. The addition of NaCl produced a large increase in 
efficiency, JSC, VOC and FF. There was also a large increase in 
quantum efficiency with the addition of the NaCl layer, 
although changes in the bandgap were minimal. The net 
doping density also increased by two orders of magnitude from 
1014 to 1016 cm-3. Cross section SEM did not show any 
increase in grain size with the addition of NaCl, contrary to 
expectations, with both cells having a large fine-grained layer.  
The thermally evaporated NaCl layer has been shown to 
lead to an improved CIGS device performance with increased 
apparent doping density of the absorber. While no change in 
the absorber morphology was observed, this could have been 
due to the particular selenisation conditions, or insufficient Na 
quantity.  
Further work would include a comparison of different 
thicknesses of evaporated NaCl to find the optimum amount. 
Using a sealed graphite box would potentially increase the 
amount of Na-Se being produced, leading to superior 
morphology. Investigation into the use of an air-annealing step 
could help mitigate the interface recombination that dominates 
the cell. 
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